fraction of the actual number of cases. This is because these estimates are based on government records of pesticide-related hospitalisations, while the vast majority of acute pesticide-related illnesses do not result in hospitalisation. OP poisoning is a progressively worrying phenomenon as worldwide pesticide production has doubled between 1970 and 1985 and pesticide consumption in developing countries, including many Asian countries, has increased from 20% to 40% 5) .
There is vast research data from industrialised countries documenting the detrimental health effects of OP exposure. Although this has prompted many countries in the West to ban OP usage, OP pesticides are still being used widely in Asia 6) . A study of 228 Indonesian farmers and professional pesticide applicators found that 21% suffered from three or more symptoms per spray operation, a rate much higher than previously documented in Indonesia or elsewhere 7) . A study that tracked 50 Vietnamese farmers' pesticide usage for one year found that they suffered 54 potentially moderate poisonings per month, but only two cases per month were treated at the local health centre 8) . In a survey conducted in Asian countries, it was estimated that on average, 3% of agricultural workers in developing countries suffer an episode of pesticide poisoning a yr 4) . This would mean that for the 830 million agricultural workers in the developing world (these figures include African nations), there are about 25 million cases of occupational pesticide poisoning. It is also known that the problem of pesticide exposure is worse in Asia than in Africa -hence these figures clearly depict the wide extent of use of OP pesticides present in this region.
In addition to OPs being a health hazard in agriculture, there is increasing worry about the adoption of such chemicals in terrorism and chemical warfare. In 1994, civilians in Matsumoto, Japan were attacked with sarin gas, resulting in the deaths of seven people and almost 200 persons needing medical attention 9) . This preceded another unfortunate incident in Tokyo in 1995 whereby sarin was released in subways, killing 10 people while injuring over 5,000 10) . These chemical warfare agents have also been exploited as weapons of mass destruction and have caused, for instance, accidental exposure to military personnel during the Gulf War resulting in many Gulf War veterans still suffering from OP poisoning effects today 11) .
OPs exert their toxicity by inhibiting acetylcholinesterase (AChE) in the nervous system. This enzyme catalyses the hydrolysis of acetylcholine, a major neurotransmitter in the central and peripheral nervous system, into choline and acetic acid. When AChE is inactivated by phosphorylation of the serine hydroxyl group at the active site of AChE, acetylecholine released from nerve terminals accumulates and over-stimulation of muscarinic and nicotinic receptors occurs 12) . The clinical features of OP poisoning manifest in the form of a cholinergic crisis. This may include collapse, sweating, breathing problems, excessive salivation, diarrhoea, vomiting, heart dysrrthymias and extreme anxiety. Symptoms are usually treated with atropine 13) .
OPs can only interact with AChE when there is a P=O moiety. Frequently used OPs such as parathion and diazinon have a P=S moiety and therefore have to be converted in vivo to their oxygen analogs (paraoxon and diazoxon respectively). This bioactivation is brought about by cytochrome P450 liver enzymes 14) . Detoxification of OPs also occurs via these enzymes, as well as through conjugation with glutathione and hydrolysis by esterases such as carboxylesterase and paraoxonase.
Several OPs are capable of causing organophosphateinduced delayed polyneuropathy (OPIDP). This happens when neurons are killed due to acute or chronic OP poisoning and its onset is usually a few days up to 2-3 wk after poisoning. Signs and symptoms include sharp, cramp-like pains in the calves, tingling of the hands and feet, followed by distal numbness and parathesia. The molecular target for OPIDP is neuropathy target esterase (NTE), which has esteratic activity towards phenyl phenylacetate, phenylvalerate or closely related esters. Although there may be some functional recovery, motor neurons may permanently lose function 15) .
Paraoxonase (PON1) polymorphisms and their role in OP toxicity
Human serum paraoxonase (PON1), a member of the A-esterase family, breaks down AChE inhibitors before they bind to the cholinesterases. PON1 derived its name originally from its ability to hydrolyse the OP compound paraoxon. PON1 is synthesised in the liver and some of it is secreted into the plasma where it associates with high density lipoprotein particles. PON1 is also distributed into different tissues such as the kidney and small intestines 16) . The mature PON1 protein contains 354 amino acids and three cysteine residues; two of which form a disulfide bridge (C42 and C353) 17) . The third (C284) plays a role in the hydrolysis of substrates such as lactones, and in the prevention of low-density lipoprotein oxidation, but is not required in hydrolysis of other substrates such as phenyl acetate and paraoxon 18) . PON1 has two Ca 2+ binding sites, two N-linked glycosylation sites 19, 20) and hydrophobic amino acid residues at the amino terminal end of the protein which account for its tendency to bind to other proteins and aggregate by itself 16) . There are specific tryptophan, histidine, glutamic acid and aspartic acid residues that are important components in the catalytic and calcium-binding sites of PON1 [21] [22] [23] . The recent elucidation of its crystal structure through a directly-evolved PON1 variant, together with directed evolution studies, has allowed the study of PON1's active site and its possible catalytic mechanisms 24) .
There have been several studies linking OP exposure and its relation to detectable physiological effects and clinical neuropathies that could even be chronic. For instance, occupationally exposed workers such as sheep dippers have been investigated for levels of exposure to OP-containing sheep dip and tested with neurological assessments using standard neuropathy symptoms questionnaires and quantitative sensory tests. In one study, it was shown that there was a strong association between OP exposure and neurological symptoms but an inconsistent association with sensory thresholds 25) . Pilkinton et al. concluded that from these findings, it is reasonable to suggest that some sheep dippers exposed to OPs over their working life could suffer from long term health effects. In another study, Hernandez et al. found that pesticide applicators had significantly lower levels of δ-aminolevulinic acid dehydratase (ALAD) and AChE during high exposure period 26) . These results corroborate an earlier study by Panemangalore et al. where ALAD, AChE and superoxide dismutase levels were depressed after growing season 27) . Together, these results portray the epidemiological evidence of OP toxicity in humans, especially in occupationally exposed workers. In addition, findings examining the effects of sarin/cyclosarin exposure in Gulf War veterans suggest a dose-response association between low-level exposure to sarin and cyclosarin and specific functional central nervous system effects 4-5 yr after exposure 28) . Higher levels of OP have also been associated with reduced white matter and increased right and left lateral ventricle volumes in a group of Gulf War veterans 29) . These findings indicate that there is persistent central nervous system pathology in these veterans who were potentially exposed to low levels of sarin/cyclosarin. Since OP exposure has been shown in many instances to have noticeable health effects, whether long lasting or not, it is pertinent to evaluate how different groups of people might be affected so that healthcare workers can be prepared to provide necessary support in case of OP toxicity.
In 1996, the gene responsible for paraoxonase activity (PON1) was established as part of a multigene family 30) . The esterases identified so far are PON1, PON2 and PON3; named in the order they were discovered. Human PON2 and PON3 are similar to PON1 in that they are able to hydrolyse aromatic and long-chain aliphatic lactones 31) . However, they are both distinct from PON1 due to their very limited ability to hydrolyse paraoxon. As such, our discussion will focus on the paraoxonase/diazoxonase capabilities of PON1 alone.
PON1 is an extensively studied enzyme, particularly for its role in hydrolysing a huge number of OPs. There is wide variation in serum PON1 levels and activity among different ethnic populations. This is believed to be so because PON1 exists in different polymorphic forms. Two common isoforms of PON1 which have been comprehensively studied contain an amino acid polymorphism at position 192. The allele with Arg at position 192 (PON1R192) hydrolyses paraoxon at a higher rate than the allele with Glu at this position (PON1Q192). However, the former is eight times less efficient in hydrolysing three types of OPs, namely diazoxon, sarin and soman 32) . Conversely, the PON1Q192 alloform hydrolyses these substrates more quickly than PON1R192.
There is a second PON1 polymorphism at position 55 which involves a Leu/Met substitution. These isoforms do not affect catalytic activity but are instead associated with different levels of plasma PON1 proteins. The allele with Met at position 55 (PON1M55) has lower plasma levels of PON1 than the allele with Leu (PON1L55) at that position 33, 34) . This has been found to be due to PON1L55M being in strong linkage disequilibrium with the -108T allele of the PON1T108C promoter region which has low promoter ability 35) . In addition, the PON1L55 allele is in strong linkage disequilibrium with the PON1R192 allele, with 98% of PON1R192 alleles having Leu at position 55, indicating that fast paraoxon metabolisers tend to have higher PON1 enzyme levels.
There have been other polymorphisms identified on the PON1 gene, namely in its regulatory region [36] [37] [38] . These polymorphisms are found at positions 126, 162, 832 and 909 and are believed not to have significant effects on PON1 protein levels. More than 160 other single nucleotide polymorphisms have been found in the coding regions, introns and regulatory regions of the gene, most of which have yet to be well characterised 39) . However, these polymorphisms may be able to explain incongruities found when comparing PON1 status and PCR analysis of codon 192. Figure 2 shows the gene structure of PON1 and the location of its known polymorphisms (not to scale).
There is distinct variation in the levels of PON1 in the human plasma which can be easily seen even using simple assays. PON1 levels have been estimated to vary by almost 40 times within the same population 40) ; and even among individuals of the same genotype, the variation can be up to 13 times. In a Hispanic population, PON1 levels varied by up to 10 times among PON1Q192 homozygotes alone, ranging from 2174 U/L to 23316 U/L 32) . The genetic expression of PON1 also differs greatly among different ethnic/racial groups. Caucasians of Northern European origin have PON1Q192 gene frequencies of 0.75 while some Asian populations have frequencies of only 0.31 41) . Since certain genotypes are more susceptible than others, the study of PON1 polymorphisms in relation to OP exposure is important. For instance, farmers reporting ill health which they attributed to exposure to diazinon-containing sheep dip were more likely to have higher frequencies of the PON1R192 and PON1L55 alleles than their counterparts who perceived themselves to be in good health. Since these polymorphisms have been shown to hydrolyse diazoxon at a slower rate, their ill health may be attributed to their lower ability to detoxify diazoxon 42) . In a study on fruit farm workers in South Africa, presence of the PON1Q192 allele was one of the predictors of chronic toxicity to paraoxon 43) . Furthermore, the prevalence of chronic toxicity was higher among workers with the QQ/QR genotype compared to those with the RR genotype. As seen from these studies, it is obvious that different PON1 genotypes affect response to OP exposure differently. These genotypic differences are more often than not seen between different ethnic groups, therefore by studying PON1 allele frequency in distinct populations such as Asians, we would be able to characterise their responses better. It would also be interesting to study whether similar results as the ones mentioned above are present in Asian populations as to our knowledge, no such studies have been conducted in these populations.
Interethnic variability of plasma PON1 activity
Plasma PON1 activity has been found to vary widely within and between populations. Within a Caucasoid population, it was shown that there was an 11-fold difference between the highest and lowest PON1 activity values 44) . Early studies were able to distinguish paraoxonase activity into two groups -high activity and low activity. In a study of 190 British (Caucasian) subjects, plasma paraoxonase activity showed clear bimodality thus leading researchers to believe that a genetic polymorphism could be present to account for the recessive character of the low activity phenotype 45) .
OP pesticide poisoning is a leading cause of morbidity and premature loss of life in many developing countries of the Asia-Pacific region 46) . As a result of widespread OP poisoning cases, there are ongoing attempts to create antidotes. However, the antidotes that are currently available have questionable efficacy and other potential antidotes have yet to be tested in humans. In the meantime, according to Buckley et al. 46) , "preparation for the terrorist use of organophosphate nerve agents is leading to the stockpiling of large amounts of these unproved antidotes to treat mass poisoning. An international collaboration of academia, industry, and military is needed to make a concerted effort to develop and test new treatments that would benefit both groups of patients." Thus, in the Asian region where relatively few epidemiological studies have been done on the health effects of OP pesticide exposure, it would be pertinent for research groups to explore this issue. Studying the variations of PON1 polymorphisms in Asian populations might also help in the development of more targeted and effective antidotes. Surveillance programmes could also be put in place to serve as biological monitoring for agricultural workers exposed to OPs.
In Asian populations, which are the focus of our discussion, early studies also showed modal characteristics in paraoxonase activity. Playfer et al. 45) demonstrated that bimodality exists in an Indian population from Malaysia (made up mostly of Northern Indians) which had an antimode at approximately the same position as in the British Caucasian population described in the same paper. The frequency of the low activity phenotype was 15/70, giving the low allele a frequency of 0.46. In the same study, discrete phenotypes among Malays and Chinese from Malaysia could not be defined with confidence, thus leading to the possibility that the low activity allele could be present in these populations at a low frequency. Despite this, the distributions of PON1 activ- ity between the Malays and Chinese were different from each other as well as with the other populations being investigated (Indians and Caucasians, among others). This suggests that allelic frequency of PON1 varies to a great degree across different ethnicities.
As mentioned above, the PON1R192 allele hydrolyses paraoxon more rapidly than the PON1Q192 isoform but the activity is reversed in the hydrolysis of toxic nerve agents such as sarin. In 1995, an attack on the Tokyo subway using sarin caused the death of 10 Japanese. Upon investigation of the alleles present in a Japanese sample, it was found that the PON1R192 polymorphism was more dominant in the Japanese population, with an allele frequency of 0.66 47) . This was found to be relatively higher than that in American, French and Finnish populations previously investigated. The higher efficiency of PON1R192 in the Japanese could mean that they would be more protected against paraoxon-related pesticide poisoning, as suggested by Humbert et al. 48) . However, the same allele probably aggravated the tragedy in the Tokyo subway incident since this isoform has a slower hydrolysis rate for sarin 32) .
In a study conducted by Sanghera et al. 49) , it was found that Indians in Singapore (who are mainly made up of Dravidians from south India) had an R allele frequency of 0.33. They also found that Chinese living in Singapore had a higher frequency of that allele, at 0.58. The difference in distribution of the PON polymorphism between the two ethnic groups was significant (p<0.001) despite them sharing the same geographical location. Among the Indians, the QQ genotype was the most common (47%), followed by QR (40%) and RR (13%). Among the Chinese, the QR genotype was the most common (50%), followed by RR (33%) and QQ (17%). As an extension to this study, the group went on to study the distribution of the PON1 polymorphism at codon position 55 50) . Again, the distribution pattern varied widely between the two ethnic groups. The Indians had significantly higher frequency of the M allele (0.20 vs. 0.036, p<0.0001) compared to the Chinese. The M allele is so rare in Chinese that none of the Chinese subjects had the MM genotype in this sample whereas 5.5% of the Indians did. Among the Indians, the LL genotype was the most common (65%), followed by LM (29.5%) and MM (5.5%). Among the Chinese, the LL genotype was also the most common (92.8%), followed by LM (7.2%). None had the MM genotype. A study among a group of Indians from India had similar results to the Indians in Singapore 51) . Here, the Q allele was also found to be dominant, with the frequency of the R allele being only 0.17. The QQ genotype was also the most common (75%), followed by QR (15%) and RR (10%). Since the Chinese and Indians showed distinct patterns in PON1 genotypes, these results suggest that race, and not geographical location, has an influence on PON1 genotype.
In a study of a Chinese population consisting of Han people residing in southeast China 52) , the frequency for the R allele was found to be 0.54 and the QR genotype was the most dominant at 56.1%, which was consistent with another study by Ma et al. 53) which found this value to be 0.56 (difference not statistically significant) with QR also being the dominant genotype. This value was also close to that found in a study on a Chinese population in Shanghai by Zhou et al. 54) where the R allele was found to have a frequency of 0.63. In a study among pesticide factory workers in China, the allele frequencies of the R and Q allele were 0.62 and 0.38 respectively 55) . Together, these studies confirm the probability that the R allele is more dominant in people with Chinese ethnicity. We can also safely assume that the R allele frequency is between 0.54-0.63 amongst Chinese in different regions of Asia. The close range further corroborates the idea that race plays an important role in PON1 genotype.
Similarities in allele frequencies in the PON1L55M polymorphism were also seen among different Chinese populations. Zhang et al. 52) also determined the frequency of the L allele in the Chinese population to be 0.95, with the LL genotype being most common and the MM genotype absent. These results are similar to Chinese subjects from Singapore as mentioned above (0.97) 50) and Japanese (0.934) 37) . The low frequency of the M allele was echoed in another study where none of the Chinese subjects tested had the M allele of the PON1L55M polymorphism 56) . It seems conclusive that the R and L allele frequencies are high in Chinese. From these figures, we would assume that in the event of OP poisoning, the Chinese would be more protected against paraoxon containing pesticides since they have the allele with higher catalytic activity towards paraoxon (R), as well as the allele which confers higher plasma PON1 levels (L). On the other hand, Indians seem to have more of the M and Q alleles, suggesting lower plasma PON1 levels and more protection against diazoxon, sarin and soman instead of paraoxon.
In a Japanese study examining the frequencies of the two common polymorphisms described above, the Q allele had a frequency of 0.40 and the L allele had a frequency of 0.96. Similar values were found by Yamasaki et al. 47) and Suehiro et al. 37) . The frequencies of PON1Q192R genotypes were 17.9% (QQ), 39.5% (QR) and 42.5% (RR). Frequencies of the each PON1L55M genotype were 87.6% (LL), 11.0% (LM) and 1.4% (MM). These values are very close to those of the Chinese populations mentioned above, which is not surprising since the two races are quite similar in genetic makeup.
Among a population of Malays from Malaysia, it was PON1 POLYMORPHISMS AMONG ASIAN POPULATIONS found that L allele frequency was 0.94 and the R allele frequency 0.59 57) . The QR genotype was the most common (43%), followed by RR (33%) and QQ (24%). For the PON1L55M polymorphism, the LL genotype was the most common (85%) followed by LM (13%) and MM (2%). Interestingly, the allele frequencies and general distribution of the individual genotypes in the Malays are somewhat close to those of the ethnic Chinese described above. This similarity could be explained by the fact that Malays and Chinese are both anthropologically classified as Mongoloids, again demonstrating that race (and perhaps common ancestry) influences PON1 genotype. A study of a Thai population established that the L allele was the most common (frequency=0.95) while the M allele was 0.05 58) . The genotypic frequencies were such that LL was highest (91.1%) followed by LM (8.4%) and MM (0.5%). These are similar to the frequencies found in the Malay, Chinese and Japanese populations where the M allele was also found in very low frequencies 37, 50, 59, 60) , but different from the frequencies from the Indian populations mentioned above. Among the Thais, the Q allele was more common than the R allele, at frequencies of 0.71 and 0.29 respectively; and genotypically QQ was the highest (50%), followed by QR (42.1%) and RR (7.9%). This was slightly different from Japanese and Chinese populations which had Q allele frequency of about 0.40 and R allele frequency of about 0.60 37, 54, 55) . From this, we can see that both local and ethnic factors contribute to variations in PON1 genotypes. The tables below summarises the findings of PON1 allele frequencies (Table 1 ) and the frequencies PON1 genotypes ( 
Discussion
The data presented above show a distinct variability of PON1 polymorphisms across different ethnic groups. The variability is evident even though this paper has focused largely on Asian populations. As such, it would be expected that when comparisons are done between more disparate ethnicities, e.g. Asians versus Caucasians, the contrast might be more apparent. Indeed, this was what we found, although the data has not been closely scrutinized due to the scope of this paper.
From the interracial diversity demonstrated by the allelic frequencies of the PON1 polymorphisms, we can deduce that ethnic-specific polymorphisms exist. Hence, it would be advisable to determine the distributions of such polymorphisms before association studies are carried out. This is because analysing SNPs one at a time can neglect information in their joint distribution as a racial group. Based on current data on numerous Caucasian populations which indicate that different PON1 polymorphisms have different effects on OP toxicity, it would be pertinent to study similar patterns in Asian populations. Unfortunately, this has not been done in many Asian populations although the threat of OP poisoning is tangible, as seen by the Tokyo subway tragedy. More importantly, OPs are used extensively as pesticides in many agricultural societies in the region and thus toxicity resulting from its possible indiscriminate usage could happen. Even in non-agricultural societies such as Singapore, OPs continue to be used as pesticides in horticulture and landscaping although safer alternatives are available. The current focus of PON1 polymorphism studies in Asia is more inclined towards its role in cardiovascular diseases as different genotypes have been implicated as risk factors, and OP intoxication unfortunately merely remains a background concern.
Therefore, we suggest that further research concerning PON1 polymorphisms and its role in OP toxicity in Asian populations should be carried out. This would not only help safeguard the proper care of agricultural workers who might be affected by OP poisoning, but would also alert relevant anti biological terrorism agencies on the possible risks involved in the event of an OP attack as well as possible measures to counter such an unfortunate aftermath should it happen.
